Eukaryotic cells employ the Ribosome-associated Quality control Complex (RQC) to 1 maintain homeostasis despite defects that cause ribosomes to stall. The RQC 2 comprises the E3 ubiquitin ligase Ltn1p, the ATPase Cdc48p, and the novel proteins 3
. By contrast, deletion of the no-go decay 19,20 components DOM34 or SKI7 had no 25 effect. These data suggest that CHX causes accumulation of an RQC product that is toxic 26 unless Vms1p is available to detoxify it. 27
The RQC assembles on a failed 60S subunit to both ubiquitinate and elongate nascent 28 polypeptides with CAT tails. To determine whether one or both of these activities generate 29 the putative toxic RQC product, we eliminated them separately by expressing a CAT-tailing-30 defective Rqc2p mutant (RQC2 D98Y ) 4,8,14 or a variant of Ltn1p deficient in ubiquitination 31 (LTN1 W1542E ) 10,21 . CAT-tailing by Rqc2p was dispensable, but ubiquitination by Ltn1p was 32 essential, for conferring CHX sensitivity on a vms1Δ mutant strain ( Fig. 1b) . Similar to RQC2 33 and LTN1 (Fig. 1b) , plasmid expression of wild type RQC1 was sufficient to reverse the 34 rescue of vms1Δ cycloheximide sensitivity conferred by RQC1 deletion (Extended Data Fig.  35   1a) . 36
In light of the association between Vms1 activity and mitochondrial stress, we examined the 37 ability of these single and double mutant strains to grow in glycerol medium, which requires 38 mitochondrial respiration. Interestingly, deletion of LTN1-but not RQC1, RQC2 or DOM34-39 strongly impaired glycerol growth of vms1Δ cells (Extended Data Fig. 1b) . Similarly, ski7Δ 40 vms1Δ double mutant cells also exhibited partially impaired glycerol growth (Extended Data 41 Fig. 1b) . These data indicate a specific relationship between Vms1p, RQC function, and 42 mitochondrial homeostasis, which is consistent with a recent report that stalled polypeptides 43 that cannot be ubiquitinated by Ltn1p accumulate within mitochondria 22 . 44
These genetic interactions prompted us to determine whether Vms1p physically interacts with 45 members of the RQC, as has been reported previously 1,3,22 . As expected, isolation of Rqc2p-46 HA co-immunoprecipitated Vms1p-V5 whereas Rqc1p-HA or Ltn1p-HA showed minimal 47
Vms1p interaction ( Fig. 1c and Extended Data Fig. 1c-d) . Consistently, both Rqc2p and 48
Vms1p co-migrated with the 60S ribosome subunit during sucrose gradient sedimentation 49 following CHX treatment ( Fig. 1d, Extended Data Fig. 1e ). Co-migration of Vms1p with the 50 60S ribosome was not affected by either deletion of RQC2 or by expression of WT or a CAT-51 tailing defective, D98Y, mutant of Rqc2p (Extended Data Fig. 1e) . Similarly, neither deletion 52 nor overexpression of Vms1p from the strong GAL1 promoter in galactose medium had any 53 effect on the co-migration of Rqc2p with the 60S ribosomal subunit (Extended Data Fig.  54 1e,f). 55
These genetic and physical interactions motivated us to evaluate whether RQC substrates 56 accumulate in VMS1 mutant cells. We utilized a well-characterized mRNA that encodes 57 FLAG-tagged GFP followed by a hammerhead ribozyme that self-cleaves in vivo (FLAG-58 GFP Rz , Fig. 2a ) 4, 23 to generate a truncated mRNA encoding FLAG-GFP without a stop codon 59 or poly-A tail. Translation of this mRNA triggers ribosome stalling and targeting to the RQC 60 system. Deletion of SKI7 enhances expression of GFP by inhibiting degradation of the 61 cleaved mRNA 24 . We confirmed that deletion of RQC1, RQC2, and LTN1 each lead to 62 accumulation of FLAG-GFP Rz , whereas the nascent chain failed to accumulate in the ski7Δ 63 single mutant ( Fig. 2a-c, Extended Data Fig. 2a ). Loss of Vms1p also led to accumulation of 64 FLAG-GFP Rz to a level similar to that observed for the core RQC components ( Fig. 2a- 
c, 65
Extended Data Fig. 2b ). Combination of VMS1 deletion with the deletion of RQC1, RQC2 66 and LTN1 had no additive effect on GFP accumulation (Fig. 2b) . Immunoblot analysis 67 showed similar results for the single, double and triple mutant strains, in which RQC2-68 dependent, high molecular weight aggregates are also apparent ( Fig. 2c , Extended Data 69 suggestive of alternative pathways for degrading nascent chains when the Dom34p/Hbs1p 72 subunit splitting activity is unavailable ( Fig. 2a-c) . Interestingly, accumulation of FLAG-GFP Rz 73 in vms1Δ mutant cells occurs despite lower mRNA abundance (Extended Data Fig. 2c) . 74
In addition to the FLAG-GFP Rz construct, which generates a cytosolic RQC substrate, we 75 also examined RQC activity on fumarase, which is encoded by the FUM1 gene and co-76 translationally imported into the mitochondria 25 . As with FLAG-GFP Rz , fluorescence from the 77 Fum1-FLAG-GFP Rz construct, expressed from the native FUM1 promoter, was also 78 maintained at a low level in the ski7Δ mutant strain (Fig. 2d) . Deletion of VMS1, RQC1, 79 RQC2, or LTN1 each led to profound accumulation of GFP fluorescence, almost all of which 80 colocalized with mitochondria-targeted RFP (mtRFP). The vms1Δ, rqc1Δ and ltn1Δ mutants, 81 which retain Rqc2p and CAT-tailing activity, all exhibited Fum1-GFP aggregates within or 82 near mitochondria, comparable to recent observations of other mitochondria-destined 83 nascent chains 22 (Fig. 2d) . The rqc2Δ mutant exhibited a more uniformly mitochondrial 84 localization pattern ( Fig. 2d) , consistent with the model that CAT-tailing mediates intra-85 mitochondrial aggregation of polypeptides that stall during co-translational import 22 . Together, 86 these data demonstrate that Vms1p is required for the degradation of substrates derived from 87 truncated mRNAs, whether they are destined for an organelle or the cytosol. 88
Understanding of how Vms1p facilitates the clearance of stalled translation products was 89 guided by our recent crystal structure determination of S. cerevisiae Vms1p ( Fig. 3a-b ) 26 . 90
This structure includes the highly conserved central region of Vms1p, which we named the 91 Mitochondrial Targeting Domain (MTD) because it is necessary and sufficient for 92 mitochondrial localization in response to stress 15 . This localization activity requires a 93 hydrophobic groove along the bottom of the MTD and direct binding to ergosterol peroxide 26 . 94
Intriguingly, the Vms1p MTD structure resembles structures of the catalytic domain of 95 eukaryotic peptide chain release factor subunit 1 (eRF1), as well as Dom34p and RNaseE, 96 which both resemble tRNA hydrolases 27-30 ( Fig. 3b, Extended Data Fig. 3a ). The only region 97 of the Vms1p MTD that diverges substantially from the release factor fold is the face of the 98 MTD that mediates mitochondrial localization 26 (Fig. 3b) . The loop of eRF1 that harbors the 99 signature GGQ motif-which catalyzes the hydrolytic attack on the peptidyl-tRNA ester 100 bond-and the orthologous loop of the Vms1p MTD, can both be unstructured when not 101 bound to the ribosome 28,30 ( Fig. 3b) . 102
Sequence alignment showed that although Vms1p lacks a strict GGQ motif characteristic of 103 eRF1p, it does possess an invariant glutamine that aligns with the catalytic glutamine of 104 eRF1 ( Fig. 3c) . In yeast Vms1p, that glutamine residue is embedded within a GGSQ motif 105 that is reminiscent of the eRF1 catalytic GGQ, while in other species the conservation other 106 than the initial glycine and glutamine is less apparent ( Fig. 3c-d) . The Vms1p MTD lacks 107 similarity to the non-catalytic eRF1 domain 1, which discriminates stop codons from sense 108 codons 30 . This is consistent with Vms1p functioning in stop codon-independent tRNA 109 hydrolysis within a 60S, rather than 80S, ribosome. 110
These observations inspired us to determine whether Vms1p enables the extraction of failed 111 translation products from the stalled 60S by hydrolyzing the ester bond anchoring them to 112 tRNA. We first asked which residues and regions are required for the genetic functions of 113 VMS1. We first tested an HbφT motif just N-terminal to the conserved 'GxxQ' motif that 114 mediates ribosome interactions of eRF1 ( Fig. 3c-d ). Vms1p mutants of these residues, 115 H279A, H283A, R284A and T286A, were indistinguishable from WT, while the Y285A mutant 116 exhibited a partial CHX sensitivity ( Fig. 3f) . In contrast, mutation of the 'GxxQ' residues G292 117 and Q295 and the highly conserved R288 residue conferred strong loss-of-function 118 phenotypes ( Fig. 3e) . Deletion of S294 to convert the GGSQ of S. cerevisiae Vms1p into a 119 GGQ motif, as in eRF1, abrogated VMS1 function (Figure 3e ). While all of these 'GxxQ' 'mutants failed to confer resistance to 200 ng/ml CHX, only the R288A and G292A/G293A 121 mutants were inactive at the lowest (100 ng/ml) concentration of CHX tested (Figure 3e) . 122
Interestingly, both of these mutants also failed to rescue glycerol growth in an ltn1Δ vms1Δ 123 double mutant, whereas wild-type VMS1 and the other mutants did rescue growth (Extended 124 Data Fig. 3b ). The R288A, GG292/3AA and Q295L mutants also exhibited enhanced 125 accumulation of FLAG-GFP Rz in the ski7Δ background similar to the vms1Δ mutant 126 (Extended Data Fig. 3d ). Importantly, the Vms1p mutants interact normally, if not more 127 strongly, with Rqc2p based on co-immunoprecipitation experiments (Extended Data Fig. 3e ). 128
In light of these observations, we hereafter refer to the MTD as the MTD/eRFL domain, 129
where eRFL refers to eRF1-like. 130
In addition to these loop residues, the ability of Vms1p to confer complete CHX resistance in 131 both vms1∆ and ski7∆ vms1∆ also required the VCP-interacting motif (VIM), which mediates 132 interaction with Cdc48p/VCP/p97 16 (Extended Data Fig. 3c ). Interestingly, the VIM is not 133 required for growth of the ltn1Δ vms1Δ double mutant on glycerol (Extended Data Fig. 3c) , 134 which indicates that mitochondrial homeostasis can be maintained even without Cdc48p 135
binding. 136
To directly test whether Vms1p catalyzes peptidyl-tRNA hydrolysis, we utilized our recently 137 described S. cerevisiae in vitro translation (ScIVT) system to monitor the synthesis and fate 138 of a robust stalling reporter and its peptidyl-tRNA intermediate 10 . RQC-intact extracts 139 translate this reporter, split the stalled 80S ribosome into constituent 60S and 40S subunits, 140 elongate the nascent chain with a CAT tail, and ubiquitinate exposed Lys residues. These 141 extracts also hydrolyze the peptidyl-tRNA ester bond to generate the released polypeptide 142 ( Fig. 4a) 10 . We observed that extracts prepared from vms1Δ mutant cells also produced peptidyl-tRNA conjugates, but loss of the peptidyl-tRNA species and appearance of the 144 released translation product were slower than in WT extracts ( Fig. 4a-b ). This is somewhat 145 obscured by the fact that the vms1Δ mutant has lower overall translation, which leads to a 146 decreased amount of the free nascent chain and peptidyl-tRNA conjugates. We performed a 147 similar experiment in the ski7Δ and ski7Δ vms1Δ mutant strains and found that in the ski7Δ 148 background the deletion of VMS1 conferred a much more obvious stabilization of the 149 peptidyl-tRNA species and qualitatively delayed release of the polypeptides ( Fig. 4c-d) . In 150 this ski7Δ background, deletion of RQC2 conferred a modest stabilization of the peptidyl-151 tRNA conjugate 10 and deleting RQC2 had little effect on the ski7Δ vms1Δ double mutant 152 (Extended Data Fig. 4a ). We next purified full-length and C-terminally truncated (1-417) S. 153
cerevisiae Vms1p and found that each of these proteins dramatically accelerated the 154 production of the released polypeptide in a dose-dependent manner in WT, rqc2Δ and vms1Δ 155 extracts ( Fig. 4e, Extended Data Fig. 4b) . Importantly, the 1-417 truncation mutant lacks the 156 C-terminal VIM domain and is unable to interact with Cdc48p (Extended data Fig. 3e ). We 157 therefore conclude that while the Vms1-Cdc48 interaction is important for CHX resistance 158 and other RQC-related functions, it is dispensable for peptidyl-tRNA hydrolysis. 159
We next tested release factor activity of the MTD/eRFL domain structure-based mutants 160 described above. R288A and G292A/G293A mutants had no hydrolysis activity, even at 10-161 fold higher concentration than the concentration at which WT Vms1p catalyzed complete 162 tRNA release (Fig. 4f) . The Q295L, G292A, and ΔS294 mutants also exhibited strongly 163 impaired release factor activity ( Fig. 4f and Extended Data Fig. 4c ). 164
Our data have identified a key constituent of the RQC pathway in Eukarya: a tRNA hydrolase 165 that liberates failed polypeptides from the aberrant 60S:peptidyl-tRNA species that 166 accumulate when ribosomes stall and split apart. Without this activity, translation products 167 remain anchored in 60S ribosomes, which therefore cannot be recycled for future use. The 168 dual functions of the Vms1p MTD/eRFL identified here as an RQC pathway release factor 169 and earlier as a targeting domain in mitochondrial stress responses, portend exciting future 170 work at the intersection of proteostasis and organelle homeostasis. We have previously 171 reported that Vms1p localizes to mitochondria under conditions of mitochondrial damage or 172 cellular stressors, including rapamycin treatment, by binding to the oxidized sterol ergosterol 173 peroxide 15,16,26 . The MTD/eRFL domain is necessary and sufficient for this localization, which 174 is mediated by a direct interaction between a face of the MTD/eRFL domain that should 175 remain exposed even when the domain is in the 'A-site' of the 60S and the catalytic GGSQ 176 loop is presumably reaching into the peptidyl transferase center to catalyze hydrolysis of the 177 peptidyl-tRNA ester bond. While the relationship between mitochondrial localization and 178 RQC-coupled release factor activity remains unclear, it is intriguing to speculate that this is 179 indicative of a role for Vms1p-and the RQC as a whole-in the response to mitochondrial 180 stress. Consistent with this possibility, ltn1Δ vms1Δ and ski7Δ vms1Δ double mutant cells 181 exhibit impaired glycerol growth, which correlates with impaired mitochondrial respiration 22 . 182
We therefore propose that Vms1p is required for the resolution of peptidyl-tRNA conjugates 183 of stalled nascent chains in the cytosol as well as those destined for organelles like the 184 mitochondria, where it might mediate a particular role in protecting mitochondria from 185 proteostasis challenges. 186 187 Methods 188
Yeast strains and growth conditions 189
Saccharomyces cerevisiae BY4741 (MATa, his3 leu2 met15 ura3) was used as the 190 wild-type strain. Each mutant was generated in diploid cells using a standard PCR-based 191 homologous recombination method. The genotypes of all strains used in this study are listed 192
in Extended Data Table 1A . Yeast transformations were performed by the standard TE/LiAc 193 method and transformed cells were recovered and grown in synthetic complete glucose (SD) 194 medium lacking the appropriate amino acid(s) for selection. The medium used included YPA 195 and synthetic minimal medium supplemented with 2% glucose or 3% glycerol. Cycloheximide 196 was added at a final concentration of 100 ng/ml or 200 ng/ml when indicated. 197
All plasmid constructs were generated by PCR and cloned into the yeast expression 198 vectors pRS413, pRS14 or pRS416 as indicated in Extended Data Table 1B . 
SDS-PAGE 231
Whole Cell Extracts were prepared from 3-5 OD of cells at OD 600~ 1.5 by solubilization 232 in 250 µl of 2 M LiAc, incubated for 8 min on ice followed by centrifugation at 0.9 x g for 5 233 minutes at 4°C. The pellet was resuspended in 250 µl of 0.4 M NaOH and incubated on ice 234 for 8 min. followed by centrifugation at 16,000 x g for 3 min. Next, the pellet was resuspended 235 in 1X Laemmli buffer with 2.5% beta-mercaptoethanol, boiled for 5 minutes, and centrifuged 236 at 0.9 x g for 1 min. Supernatants were collected and loaded onto acrylamide:bisacrylamide 237 (37.5:1) gels. Subsequent immunoblotting was done with the indicated antibodies: HA (PRB-238 101C-200), V5 (ab9116), FLAG (F7425), Pgk1: (ab113687) and Rpl3 (scRPL3). 239 
Protein Expression and Purification 259
For the His 12 tagged proteins, constructs were transformed into JRY1734 (pep4::HIS3 260 prb1::LEU2 bar1::HISG lys2::GAL1/10-GAL4) and grown in synthetic media lacking Uracil 261 with 3% glycerol and 2% ethanol. When the OD 600 reached ~0.5, 0.5% galactose was added 262 to the cultures, which were grown for another 6 hours before harvesting by centrifugation, 263
washing of the pellet with sterile H2O, and flash freezing in liquid nitrogen. Cells were lysed 264 using a pulverizer (SPEX SamplePrep 6870), and the lysed powder was thoroughly 265 resuspended in lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 5% glycerol) supplemented 266 with protease inhibitors (aprotinin, leupeptin, pepstatin A, and PMSF) (Sigma). The 267 
Saccharomyces cerevisiae in vitro translation (ScIVT) 274
Preparation of in vitro translation extracts, mRNA, and in vitro translation reactions 275 was performed as previously described 10 . Briefly, S. cerevisiae strains were cryo-lysed and 276 cell debris was cleared by sequential centrifugation before dialysis into fresh lysis buffer. 
